We report on the observation of quantum transport and interference in a graphene device that is attached with a pair of split gates to form an electrostatically-defined quantum point contact (QPC). In the low magnetic field regime, the resistance exhibited Fabry-Pérot (FP) resonances due to np'n(pn'p) cavities formed by the top gate. In the quantum Hall (QH) regime with a high magnetic field, the edge states governed the phenomena, presenting a unique condition where the edge channels of electrons and holes along a p-n junction acted as a solid-state analogue of a monochromatic light beam. We observed a crossover from the FP to QH regimes in ballistic graphene QPC under a magnetic field with varying temperatures. In particular, the collapse of the QH effect was elucidated as the magnetic field was decreased. Our high-mobility graphene device enabled observation of such quantum coherence effects up to several tens of kelvins. The presented device could serve as one of the key elements in future electronic quantum optic devices.
In conventional ballistic 2D electron gases such as a heterojunction of GaAs, constriction due to split-gate electrodes, referred to as quantum point contacts (QPC), creates a conducting channel by electrostatic confinement. On the other hand, QPCs in graphene cannot directly create such electrostatically confined channels due to the absence of a bandgap in this material; despite the absence of quantised transport at low magnetic fields, quantum interference phenomena show intriguing behaviour in graphene QPCs. There are alternative methods to create such structures in graphene, e.g. etched constrictions [1, 2] or narrow and long electrostatic channels [3] . Moreover, graphene has a favourable feature of ballistic conduction with an extremely long mean free path, which can be further improved by sandwiching the material between hexagonal boron nitride (hBN) sheets.
Much attention has been paid recently to electronic quantum optics, in which the fabrication of a collimated electron interferometer plays a central role [4] , and whose scope ranges from Veselago lensing to fundamental studies of negative refraction [5, 6] , analogous to electromagnetic-wave scattering in negative index materials [7] . The structure where the cone-shaped energy bands of electrons and holes meet at their apexes, called the Dirac point, is also a unique characteristic of graphene 2D electron system, producing a distinctive series of Landau levels in the QH regime. As electrons are confined in two dimensions, they move along the edge of the device under a strong magnetic field, which is referred to as QH edge channel. These channels are a solid-state analogue of a monochromatic light beam. The QH edge states show striking quantum interference effects as they are protected against backscattering. In particular, p-n junctions in graphene have the potential to provide a basic building block for electronic quantum optics [8, 9, 10, 11, 12] . Figures 1(a,b) show the QPC structure most suitable for manipulating such confined channels. The graphene QPC offers a unique mechanism for electron transport in the QH regime with gate-defined constrictions, where edge modes travel along the boundaries of locally-gated regions [13, 14] . The narrowly separated p-n interfaces of the QPC are controlled between open and closed configurations by the top-gate voltage (VTG), and this structure could serve as a crucial component in future graphene electronic quantum optics devices. The electronic states in graphene are easily accessible by local gates. Furthermore, the encapsulation of graphene with hBN makes the fabrication process more tractable compared with previous studies.
In this study, we report on ballistic electron transport through a QPC formed in high-mobility graphene via electrostatic control by a pair of split gates. As detailed in Methods below, the graphene is encapsulated by hBN, resulting in hBN/Graphene/hBN stacks. The thickness of the used top and bottom hBN is 25 nm and 34 nm, respectively. As the magnetic field B was increased, we observed a crossover from the Fabry-Pérot (FP) regime to the QH regime. In the FP regime, the conductance exhibited resonances due to np'n(pn'p) cavities formed by the top gate, while in the QH regime, the edge states governed the transport phenomena and presented a unique condition where edge channels of electrons and holes along a p-n junction play a central role. Crossover between FP and QH regimes has not been explored in ballistic graphene QPCs. Because our graphene sample is attached to an atomically flat and inert hBN surface, the effects of the surface roughness and impurities in the substrate are greatly reduced, leading to high mobility of up to 200,000 cm 2 /Vs and ballistic transport. Our device furthers the pathway towards quantum coherent phenomena in graphene devices, such as fractional QH states and shot noise experiments.
The longitudinal resistance (RL) across the QPC (Fig. 1(c,d) ), as a function of VTG and back-gate voltage (VBG), demonstrates the independent carrier control on the bulk and top-gated regions at T = 6 K in the absence of magnetic field (B = 0 T), the mapping of which is shown in Fig. 2(a) . Carrier density in the top-gated regions is controlled by both VTG and VBG, while that in the bulk region (away from the top gates) is controlled solely by VBG. The VTG-VBG mapping of RL in Fig. 2 effects bouncing between two p-n junctions in the resonant cavity of the top-gated region [15, 16] . Although the QPC structure overlaps with the resonant cavity, FP resonance is still observed, guaranteeing a collimating effect on ballistically transmitted carriers (see also
Supplementary Information for detail of the characteristic scales). In this low magnetic field regime, the QPC structure is irrelevant and the device behaves as two p-n junctions. In terms of the magnetic-field dependence of the FP resonances, FP reflects a salient feature of the Berry phase in graphene [17] that is closely related to the Klein tunnelling physics [15, 16, 18] . The magnetic-field dependence of the resistance pattern in the low magnetic-field regime is shown in Fig. 3 (a) for a VBG of 1.2 V. As the magnetic field increases, the overall pattern shifts gradually towards the negative VTG side and shows a discontinuous half-a-period phase shift when B~50 mT, which is consistent with previous studies on top-gated graphene devices.
Moreover, the phase shift implies the presence of Klein tunnelling, as it is a signature of the perfect transmission of carriers normally occurring on the junctions. QH regime: In the QH regime of the QPC structure with a high magnetic field, the edge states govern the phenomena as originally discussed in ref. [13] . Here, we present the updated data by employing the hBN/Graphene/hBN device with high mobility. Moreover, the effect of gap width is analysed recently in detail in ref. [19] . As shown in Fig. 2(c) , the QH effects and the edge-mode mixing under a finite magnetic field govern transport properties. The configuration of edge modes in the vicinity of the QPC is switched between open-and closed-states by gate voltage control [13] .
In the 'open' configuration, RL vanishes because the edge modes do not contribute to the total resistance. In contrast, RL has a finite value and is quantised in a 'closed' QPC configuration as some edge modes are backscattered. Both top and back gates can manipulate the open/closed state of edge modes. The assignment of the quantised conductance in our hBN/graphene/hBN QPC device is discussed in ref. [19] .
FP to QH crossover:
As the magnetic field increases, a crossover from the FP to QH regimes takes place. In the beginning, we focus on the bipolar np'n(pn'p) regimes as shown in Fig.3 (b). In the semi-classical picture, the electron trajectory bends under a magnetic field due to the Lorentz force. When the electron cyclotron radius under the top-gated regions becomes comparable to the cavity size, the basic set-up undergoes a crossover to the edge-state-transport/QH regime. In the crossover, 'snake trajectories' play a crucial role [20, 21, 22, 23] . The fade out of FP oscillation is set by the magnetic field ℏkF/eLcav, where Lcav is an effective cavity length. In reference to the Supplementary Information, the typical Lcav of our device is ~200 nm, with a characteristic magnetic field of ~0.2 T in the carrier density we focused on, which gives a consistent picture. Under high magnetic field conditions, Shubnikov-de Haas (SdH) oscillations take place due to the formation of Landau levels in both unipolar and bipolar regimes, indicating that the FP oscillations are connected to the SdH oscillations of the QH regime. Therefore, as the magnetic field is increased, the QPC structure governs the quantised charge transport through itself rather than through the np'n(pn'p) cavity. In this case, the QH regime evolves owing to the confinement to the edge channels along the p-n junction electrostatically formed by the top gates. SdH periodic oscillations in the QH regime are superimposed by the parabola-shaped lines, the envelope of which is indicated by broken yellow lines in Fig. 3(b) . As this characteristic feature is not observed in rectangular top gate geometries [16] , it is deemed to be induced by the QPC structure. We consider this as closely related to the 'snake' oscillations pointed out in the p-n junction context [20, 21, 22, 23] , in which a sequence of half of the closed cyclotron motions in the p and n regions forms the snake trajectory. Along the snake trajectory, the carrier is either transmitted or backscattered through the QPC, which can lead to the oscillatory behaviour with a parabola-shaped envelope, as depicted in Fig. 3(b) . This phenomenon can be quantitatively described in future studies. To summarise, we have demonstrated a quantum transport at cryogenic conditions from a zero-magnetic field regime to a QH regime in a graphene device that is attached with a pair of split gates, to form an electrostatically-defined QPC. In the bipolar regime of np'n and pn'p, FP periodic oscillations appear in the longitudinal differential resistance across the QPC, as the carrier density of the np'n (pn'p) cavity increases under weak magnetic fields. As the magnetic field increased FP oscillations evolved into SdH oscillations. Furthermore, novel oscillation phenomena not previously observed in a rectangular top-gate case, emerge during the evolution of the oscillations from the FP to QH regimes, attributable to the QPC structure. Although we consider these oscillations to be caused by 'snake states' transmitted or backscattered through the QPC, details of this phenomenon are yet to be solved. The present knowledge shall lead to a more comprehensive characterisation of the collapse of the QH effect and the crossover between the FP and QH regimes.
Note added: During the preparation of the present paper for submission, we noticed that a very recent preprint [25] reports the overlapped complementary topics.
Methods
Graphene and hBN layers were prepared using a mechanical exfoliation method, and the stacked layers of hBN/graphene/hBN were fabricated via an all-dry transfer method [26, 27, 28] . The resulting structure of a single-layer graphene sandwiched by hBN was placed on Si wafer with a 90-nm-thick silicon dioxide (SiO2) layer. The thickness of the top and bottom hBN is 25 nm and 34 nm, respectively. Subsequently, samples were patterned into the Hall bar geometry by e-beam lithography and etched via reactive ion etching.
One-dimensional edge contacts were formed by the deposition of metals (Cr/Au) on the edge of the stack [27] , while a split-gate structure was simultaneously formed with a 60-nm gap located at the centre of the Hall bar ( Fig. 1(b) ). The QPC device was measured using a four-terminal configuration under the standard lock-in measurement technique. RL was estimated by measuring the voltage difference between terminals 2 and 3 when a fixed amplitude current of 1-10 nA was applied at a frequency of 17 Hz between the source (terminal 1) and drain (terminal 4) (Fig. 1(b) ). The Dirac point was detected at nearly zero back-gate voltage (~0.2 V) with a very narrow and sharp resistance peak, which indicated the presence of both high quality and very low intrinsically-doped graphene. High mobilities of 120,000 cm 2 /Vs (electron) and 200,000 cm 2 /Vs (hole) were confirmed with an estimated mean free path >1 µm, comparable to the device geometry, which implied ballistic transport.
Low temperature measurements were performed down to 6 K under perpendicular magnetic fields up to 6 T. Landau quantisation of bulk graphene was presented as a Landau fan ( Fig.   1(c,d) ), indicating a high quality of the hBN/graphene/hBN device for both electron and hole configurations. In addition, the degeneration of Landau levels was demonstrated. In this study, no satellites of the main Dirac point were observed within accessible gate voltage owing to misalignment between graphene and hBN, in contrast to the results of a previous study [28] .
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Data and materials availability
All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary Materials. Additional data related to this paper may be requested from the authors. We performed a simulation of the electrostatic-potential based on the method of ref. [16, 24] , which lead to our picture of cavity formation by the top gate. Figure S1 the transmission in our device through QPC. We applied WKB analysis based on the cavity model established in [15, 16] . Our focus was on clear FP resonances around |VTG|>~1V (Figs.
3 and 4 in our manuscript) where the half-a-period('') phase shift takes place under a finite magnetic field, i.e. a signature of Klein tunnelling. A typical solution for the WKB analysis is given in Fig. S2 in a normalised unit and discussed below, while the oscillating part was focused on as in [16] . Results in S1 confirmed the basic characteristic scales [15] . Applying a typical value of an order 1 eV/m 2 for the curvature of the potential (=a), we found a characteristic energy unit scale (avF 2 ℏ 2 ) 1/3 (= ) of ~10 meV. Considering the conversion factor from the top-gate voltage ~1/25, the basic energy scale for FP resonance was consistent (Fig. S2) . Furthermore, we determined a typical unit scale for the magnetic field (0/2(ℏvF/ ) 2 ) of ~0.1 T (0: unit magnetic flux), which is compatible with the magnetic field for the -shift. Although this model was simplified, it gave a basic unit for the energy/magnetic field scales of the experimental results, combined with the data in S1. On the other hand, the resonance amplitude should be suppressed due to e.g. roughness in the cavity surface and finite temperature effects. For a discussion of the fine structures of the quantum interference pattern, more details of the QPC structure and its electrostatic profile will be provided in a separate paper. 
